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Objective: In this observational longitudinal study we estimate knee joint cartilage glycosaminoglycan
(GAG) content, in patients with an acute anterior cruciate ligament (ACL) injury, with or without
a concomitant meniscus injury.
Methods: 29 knees (19 men/10 women) were prospectively examined by repeat delayed gadolinium-
enhanced magnetic resonance imaging of cartilage (dGEMRIC), approximately 3 weeks and 2.3 1.3
(range 4.5) years after the injury. We estimated the GAG content (T1Gd) in the central weight-bearing
parts of the medial and lateral femoral cartilage and compared results with a reference cohort
(n¼ 24) with normal knees and no history of injury examined by dGEMRIC at one occasion previously.
Results: The healthy reference group had longer T1Gd values compared with the ACL-injured patients at
follow-up both medially: 428 38 vs 363 61 ms (P< 0.0001) and laterally: 445 41 vs 396 48 ms
(P¼ 0.0002). At follow-up T1Gd was lower in meniscectomized patients compared to those without
a meniscectomy, both medially (84 ms, P¼ 0.002) and laterally (38 ms, P¼ 0.05). In the injured group,
the medial femoral cartilage showed similar T1Gd at the two dGEMRIC investigations: 357 50 vs
363 61 ms (P¼ 0.57), whereas the lateral femoral cartilage T1Gd increased: 374 48 vs 396 48 ms
(P¼ 0.04).
Conclusions: The general decrease in cartilage T1Gd in ACL-injured patients compared with references
provide evidence for structural matrix GAG changes that seem more pronounced if a concomitant
meniscal injury is present. The fact that post-traumatic OA commonly develops in ACL-injured patients,
in particularly those with meniscectomy, suggests that shorter T1Gd may be an early biomarker for OA.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Rupture to the anterior cruciate ligament (ACL), with an esti-
mated yearly incidence of 0.81 per 1000 persons aged 10e64 years1,
is associated with an increased risk for knee osteoarthritis (OA)
10e20 years after the injury2. The reported variability in OA inci-
dence 0e90%2e6, may be related to study design, different classiﬁ-
cation methods to determine radiographic OA, inhomogeneousPaul Neuman, Department of
atan 101, SE-205 02, Malmö,
n).
s Research Society International. Pstudy samples with respect to mechanisms of injury and the struc-
tures injured, variable treatment regimes and post-injury activity
levels. In particular meniscectomy seems to be an important deter-
minant of incident radiographic OA4,6,7. Recently in another
ACL-injured cohort we showed a strong association between
meniscectomy and radiographic tibiofemoral OA 15 years after the
injury4. In thesepatients, a concomitant injury to themedial collateral
ligament or a minor/stable meniscal tear that was left without
meniscectomy, were unrelated to radiographic OA development.
It is important to acknowledge that molecular cartilage matrix
changes most likely develop long before deﬁnite non-traumatic
cartilage lesions, osteophytes and joint space narrowing can be
detected by routine magnetic resonance imaging (MRI) or radiog-
raphy. So far, studies using ACL-injured patients as a model ofublished by Elsevier Ltd. All rights reserved.
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able to identify molecular matrix changes indicative of pre-
radiographic OA.
One crucial matrix molecule with regard to cartilage quality and
integrity is, aggrecan. Aggrecan consists of a protein core to which
a large number of highly negatively charged glycosaminoglycans
(GAGs) are attached. By attracting counter ions, GAG creates
a swelling pressure that is counteracted by the rigid framework of
the collagen network. A valid and reliable non-invasive technique
to estimate joint cartilage GAG content is delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC)8,9. In dGEMRIC, a negatively
charged contrast medium (Gd-DTPA2) distributes inversely to the
ﬁxed charged density in the cartilage after an intravenous injec-
tion10. Accordingly, the tissue T1 value (T1Gd or the dGEMRIC
index) represents an estimate of the cartilage GAG content. A long
T1Gd is consistent with high cartilage GAG content11e14.
Previously, the ability of dGEMRIC to identify molecular matrix
changes in patients at risk for OA development has mainly been
indicted in non-injured joints10,15. In 2005, we reported decreased
T1Gd 3 weeks after an ACL injury compared with healthy reference
subjects8. These baseline data are followed up in the present study
where we describe the T1Gd changes that occurred within 5 years
in the ACL-injured group. In addition, we explore the hypothesis
that a meniscectomy will impair the estimated cartilage quality
(T1Gd) suggestive of post-traumatic OA. Results are compared with
the previously used healthy reference cohort.
Methods
Patients
This is the second report of a longitudinal ACL-injured cohort
that has been characterized at baseline 3 weeks after the injury.
Between February 2000 and June 2005, 40 patients with a clin-
ical positive pivot-shift and/or Lachman test and a MRI conﬁrmed
acute ACL rupture in a previously uninjured knee were included in
the study. The patients were prospectively recruited depending on
the compliance with recruitment of subjects into the study of the
emergency unit physicians. Included patients ranged between 14
and 40 years of age and none had clinical or MRI-veriﬁed signs of
knee OA at baseline (Table I).
After the knee injury, patients were treated according to the
present algorithm used at the Department of Orthopedics,
Malmö, Skåne University Hospital saying that patients with
a suspected ACL deﬁciency after a knee sprain should be re-
examined by an experienced orthopaedic surgeon 1e2 weeks
after the injury, then referred to physical therapy before eventual
decision of ACL reconstruction. The treatment algorithm has not
been changed over the 5-year inclusion time. 14 of the 29Table I
Characteristics of the study sample
ACL-injured 3 weeks after injury
N¼ 29
Men, n 19
Age, years (mean SD) 26.6 6.8
BMI, kg/m2 (mean SD) 23.8 2.6
Activity level (median (range)) 3 (3)
Lysholm knee score (mean SD) Not measured
Bone-bruise at MRI 1, n 26
ACL reconstructed, n 0
Not ACL reconstructed, n 29
Medial meniscectomy, n 0
Lateral meniscectomy, n 0
Medial and lateral meniscectomy, n 0patients had been ACL-reconstructed since our previous report. It
was decided that at least 6 months should pass between the
reconstruction and the second MRI to avoid risk of low knee
cartilage T1Gd values due to recent surgery and lowered activity
level. There was no difference in the number of partial menis-
cectomies between ACL reconstructed (six of 14) and non-ACL
reconstructed patients (ﬁve of 15). Six medial, eight lateral and
three combined medial and lateral partial meniscectomies were
performed during follow-up.
MRI
Patients were investigated with dGEMRIC approximately
3 weeks (range 3e47 days) and 2 years (range 7e60 months) after
the injury using a standard 1.5 T MRI-systemwith a dedicated knee
coil (Magnetom Vision; Siemens Medical Solutions, Erlangen,
Germany). Initially, a diagnostic series was performed to verify the
ACL rupture and concomitant cartilage and meniscus injuries. This
MRI could not reveal cartilage lesions in the Region of Interest (ROI)
in any of the patients. Information of MRI meniscal injuries was
collected from the radiology report. Gd-DTPA2 (Magnevist,
Schering AG, Berlin, Germany) was injected at 0.3 mmol/kg body
weight. To optimize the distribution of Gd-DTPA2 into the carti-
lage the patients exercised by walking up and down stairs for
approximately 10 min, starting 5 min after injection. Post-contrast
imaging with subsequent T1-relaxation time calculation of the
cartilage was performed 2 h after the injection. Central parts of the
weight-bearing lateral andmedial femoral cartilagewere identiﬁed
and quantitative relaxation time calculations were made in a 3 mm
thick sagittal slice on each condyle, using sets of six turbo inversion
recovery (IR) images with different inversion times (TR¼ 2000 ms,
TE¼ 15 ms, FoV 120120 mm2, matrix¼ 256 256, TI¼ 50, 100,
200, 400, 800 and 1600 ms). Total imaging time was approximately
20 min. The same imaging protocol was used for the healthy
reference group. In the lateral andmedial slices, a full-thickness ROI
was drawn within the cartilage between the center of the tibial
plateau and the rear insertion of the meniscus using the MRI-
Mapper software developed at the Beth Israel Deaconess Medical
Center (Boston, USA). All ROI drawings were blinded to per-
operative ﬁndings and surgical treatment16. T1Gd was calculated
using the mean signal intensity from each ROI as input to a three-
parameter ﬁt17. It has been shown that the mean T1Gd inter-
individual variability in ROI drawing is 1e2% and that the
intra-observer T1Gd variability coefﬁcient of variation (C.V.%) is
1e2% medially and 2e3% laterally16. Repeat dGEMRIC measure-
ment results may be inﬂuenced by biological and technical varia-
tions. In the femoral condyle cartilage, the measured 2-D T1Gd
root-mean-square value of the coefﬁcients of variation (CVRMS)
has been estimated to 5e8% in a cohort consisting of nine non-ACLACL-injured follow-up Reference subjects Excluded patients
N¼ 29 N¼ 24 N¼ 11
19 14 8
28.8 6.8 25 26.9 7.0
Not measured 22.5 2.3 23.2 1.5
3 (3) 3 3 (3)
88 8 Not measured Not measured
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Fig. 1. T1Gd (ms), mean, 95% C.I. in the cartilage of the medial (C) and lateral (-)
femoral condyles after ACL injury (n¼ 29). T1Gd (ms), mean, 95% C.I. in the cartilage of
the medial (B) and lateral (,) femoral condyles in reference subjects (n¼ 24).
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MR investigations18. In another dGEMRIC study from Multanen
et al. in asymptomatic volunteers with an average interval of 5 days
between the scans, the CVRMS for full-thickness ROI’s was 5e7%9.
37 of the 40 patients were re-examined with dGEMRIC in
average 2 years (range 7e60 months) after the initial investigation
(Table I). Seven patients had to be excluded because of motion
artifacts in the MR images, deﬁned as having >10% of the pixels
within the ROI outside a T1 interval of 0e1300 ms. One patient had
to be excluded because his opposite knee was examined bymistake
at follow-up. Three patients declined to perform the second MRI.
The 11 excluded patients did not differ regarding patient charac-
teristics (Table I). The local institutional review board approved the
study and written informed consent was obtained from all
participants.
Questionnaires
The activity level during the year preceding the injury and at
follow-up was registered on a four level scale (1¼ sedentary life-
style; 2¼moderately exercising individuals with regular physical
activities on average twice weekly; 3¼ regular physical activities
more often than twice a week; 4¼ regular physical activities at an
elite/competitive level)8.
The Lysholm knee score was used to document knee symp-
toms at follow-up19. In the Lysholm score the highest obtainable
and best score is 100, consisting of the following sub-groups of
knee symptoms: locking 0e15 points, instability 0e25 points,
pain 0e25 points, swelling 0e10 points, decreased ability to climb
stairs 0e10 points, limp 0e5 points, walking aid 0e5 points and
squat 0e5 points.
The activity level and the Lysholm score were mainly used to
characterize the study population and to present scores in line with
a common ACL-injured cohort treated with or without ACL
reconstruction.
Reference group
dGEMRIC results (T1Gd) from the ACL-injured patients were
compared with 24 healthy volunteers (14 men) who have been
reported previously8. The reference group was investigated with
dGEMRIC at one occasion and was not scheduled for repeat
dGEMRIC. The reference group had a mean age of 25 years and
similar BMI (22.5 2.3 kg/m2). Their activity level (mean and
median activity level 3) was matched with the ACL-injured
group as described previously8. They had no history of a knee
injury, no clinical or MRI-related signs of OA at examination and
were all from the same geographic region as the ACL-injured
cohort.
Statistical analysis
Student’s t test for paired and unpaired observations was used
for the parametric statistics, i.e., comparisons of T1Gd values
between the ACL-injured cohort and the healthy reference
subjects and in subgroup analysis within the ACL-injured cohort
(Table III). The ManneWhitney test was used for non-parametric
statistics (activity level). The Pearson correlation was used for
the correlation between T1Gd at follow-up and the time to follow-
up. Analysis of covariance (ANCOVA) was used to adjust for
differences in BMI and follow-up times between patients. All tests
were two-tailed. The statistical analysis was performed with SPSS
for Windows 14.0 and 17.0 software package (SPSS Inc., Chicago,
IL, USA).Results
Demographics (Table I)
The mean activity level (mean SD) at baseline in those who
remained non-ACL reconstructed (n¼ 15) vs the ACL reconstructed
(n¼ 14) was 2.9 0.7 and 3.10.9 (P¼ 0.40). The activity level at
follow-up in non-ACL (n¼ 15) vs ACL reconstructed (n¼ 14)
patients, was 2.7 0.7 and 2.8 1.0 ms, P¼ 0.81 (ManneWhitney
test).
The Lysholm knee score (mean SD) for all patients (n¼ 29) at
follow-up was 88 8, which is considered good. The Lysholm score
did not differ signiﬁcantly between non-ACL reconstructed (n¼ 15)
vs ACL reconstructed (n¼ 14) patients, 86 9 and 90 9, respec-
tively (P¼ 0.33).
Overall T1Gd results
The healthy reference group, who was investigated with
dGEMRIC at one occasion, had longer T1Gd (mean SD) values
than the ACL-injured patients (n¼ 29) both at their baseline and
follow-up examination. At follow-up, T1Gd was 363 61 ms
medially in the ACL-injured group vs 428 38 in the reference
group (P< 0.0001) and 396 48 vs 445 41 ms laterally
(P¼ 0.0002) (Fig. 1).
In the ACL-injured patients (n¼ 29), the medial femoral carti-
lage T1Gd (mean SD) did not change between the two dGEMRIC
investigations: 357 50 vs 363 61 ms (P¼ 0.57) (Fig. 1, Table III).
In contrast, in the lateral femoral cartilage T1Gd increased:
374 48 vs 396 48 ms (P¼ 0.04) (Fig. 1, Table III).
T1Gd and meniscectomy
Cross-sectional T1Gd analysis at the second MRI showed that
ACL-injured patients who underwent a partial meniscectomy had
a shorter T1Gd in the ipsilateral knee compartment than patients
without ipsilateral meniscectomy (mean SD), 296 62 vs
380 49 ms medially (P¼ 0.002), and 368 48 vs 406 44 ms
laterally (P¼ 0.05) (Table III, Figs. 2 and 3).
There was a positive correlation (Pearson) between the T1Gd
value at follow-up and the time between dGEMRIC examinations,
medially: r¼ 0.41, P¼ 0.026, n¼ 29 and a trend for a positive
correlation laterally: r¼ 0.35, P¼ 0.061, n¼ 29 (Figs. 2 respectively
3). However, ACL-injured patients with and without meniscectomy
did not have a signiﬁcant difference in the mean time to follow-up
(Table II).
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Fig. 2. T1Gd (ms) in the cartilage of the medial femoral condyle after ACL injury
(n¼ 29) at the second MRI in correlation with time from injury to MRI, in subjects (C)
(n¼ 6) who also underwent a medial meniscectomy during follow-up and in subjects
(B) who did not (n¼ 23).
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MRI) showed that the absolute value of the change in T1Gd in the
medial femoral cartilage between patients with (n¼ 6) andwithout
(n¼ 23) medial meniscectomy was (mean SD) 30 53 ms
vs þ16 56 ms, P¼ 0.09 (Table III). Subjects having had a lateral
partial meniscectomy (n¼ 8) decreased their T1Gd in the lateral
femoral cartilage by in average 12 42 ms, whereas subjects
without meniscectomy (n¼ 21) increased their T1Gd by in average
35 55 ms (independent samples t test between the two groups,
P¼ 0.04, Table III).
T1Gd and MRI-veriﬁed meniscal injuries
Cross-sectional T1Gd analysis at the second MRI showed that
ACL-injured patients who had been diagnosed with a medial
meniscal tear at the ﬁrst or second MRI had a shorter T1Gd in the
ipsilateral knee compartment than patients without ipsilateral
medial meniscal tear (mean SD), 325 68 ms (n¼ 10) vs
382 49 ms (n¼ 19) (P¼ 0.014). Corresponding values for
ACL-injured patients who had been diagnosed with or withoutYears from injury to MR2
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Fig. 3. T1Gd (ms) in the cartilage of the lateral femoral condyle after ACL injury
(n¼ 29) at the second MRI in correlation with time from injury to MRI, in subjects (C)
(n¼ 8) who also underwent a lateral meniscectomy during follow-up and in subjects
(B) who did not (n¼ 21).a lateral meniscal tear was 38139 ms (n¼ 13) vs 408 52 ms
(n¼ 16) laterally (P¼ 0.13).
T1Gd and patient characteristics
Only patients with normal weight (BMI< 25), increased their
T1Gd medially between the two dGEMRIC investigations, P¼ 0.013
(Table III). Moreover, patients with normal weight (BMI< 25) had
longer T1Gd values medially than over-weight patients (BMI> 25),
at the second MRI investigation, P¼ 0.045 (Table III).
T1Gd was not related to age or sex (data not shown) and did not
differ between patients with an ACL reconstruction vs non-ACL
reconstruction, at baseline or the follow-up examination (Table III).
ANCOVA
To compensate for potential confounding by BMI and follow-up
time, we performed an ANCOVA. T1Gd at follow-up (cross-sectional
analysis) and change in T1Gd between ﬁrst and second MRI
(longitudinal analysis), respectively, were used as the continuous
outcome variable, and if a meniscectomy had been performed
during follow-up or not as a ﬁxed factor. The time between
dGEMRIC examinations and BMI at index were used as covariates.
Cross-sectional analysis. The ANCOVA did not change the asso-
ciation between meniscectomy and having a shorter T1Gd value at
follow-up, P¼ 0.002 medially and P¼ 0.042 laterally. The associa-
tion between the T1Gd value and the time between dGEMRIC
examinations persisted in the ANCOVA model (P¼ 0.006 medially
and P¼ 0.046 laterally). No signiﬁcant associations persisted
between T1Gd values and BMI in the ANCOVA model (P¼ 0.19
medially and P¼ 0.43 laterally).
Longitudinal analysis. The ANCOVA did not substantially change
the association between meniscectomy and having a reduction in
T1Gd value (P¼ 0.040 laterally). Also for the medial side, the
ANCOVA did not essentially change the result with a non-signiﬁ-
cant reduction in T1Gd value (P¼ 0.14 for meniscectomy). There
were no signiﬁcant associations between the change in T1Gd and
the time between dGEMRIC examinations in the ANCOVA model
(P¼ 0.09 medially and P¼ 0.34 laterally). No signiﬁcant associa-
tions existed between change in T1Gd and BMI in the ANCOVA
model (P¼ 0.47 medially and P¼ 0.97 laterally).
Discussion
We have previously shown a decreased T1Gd already 3 weeks
after the injury in this ACL-injured cohort8. In this follow-up study in
the chronic phase after the ACL injury, our results indicate that the
estimated cartilage GAG content (T1Gd) was still lower than refer-
ence values in medial and lateral compartments. However, laterally
T1Gd was partly regained. It is well known that the lateral tibiofe-
moral cartilagemore often suffers a greater direct blunt trauma than
themedial condyle, due to the axial/rotationalmechanismof an ACL
injury. This often results in a lateral compartment bone marrow
lesion that eventually disappears as shown in the present study
(Table I) and by others20. In this respect, our ﬁnding that lateral
cartilage T1Gd to some extent normalized over time may suggest
improved healing capacity laterally. It may also imply differences in
OA pathogenesis between lateral and medial compartments since
T1Gd medially, where OA most often develops, was still low at
follow-up. Similarly, Fleming et al. recently published a dGEMRIC
study in ACL-injured patients reporting a decreased mean T1Gd
value from the medial tibiofemoral cartilage of the injured knee
compared to the uninjured knee21.
To further explore a possible relation between T1Gd and impor-
tant risk factors for developing knee OA after an ACL injury7 we
Table II
Time from injury to surgery and to the secondMRI in the included ACL-injured study
subjects, n¼ 29
Time from injury
to surgery
Time from injury
to MRI 2
Mean SD
(range) months
Mean SD
(range) months
ACL reconstructed,
n¼ 14
4.8 3.6 (0.8e13.1) 31.2 14.4 (11.4e59.4)
Not ACL reconstructed 9.6 9.6 (1.4e25.6),
n¼ 5
24.0 16.8 (6.8e60.6),
n¼ 15
Medial meniscectomy,
n¼ 6
8.4 8.4 (1.2e25.6) 28.8 10.8 (11.4e42.7)
Lateral meniscectomy,
n¼ 8
7.2 8.4 (0.8e25.6) 27.6 9.6 (8.8e41.5)
No medial or lateral
meniscectomy
4.8 3.6 (1.4e13.1),
n¼ 8
26.4 19.2 (6.8e60.6),
n¼ 18
All 6.0 6.0 (0.8e25.6),
n¼ 19
27.6 15.6 (6.8e60.6),
n¼ 29
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recently in another ACL-injured cohort shown that only patientswho
had sustained a meniscectomy developed radiographic tibiofemoral
OA 15 years after the ACL injury4. Hence, we calculated the longitu-
dinal changes and the cross-sectional differences in cartilage T1Gd in
ACL-injured patients who had or had not been meniscectomized.
Patients with meniscectomy had a shorter T1Gd in the ipsilateral
compartment in the chronic phase, after the ACL injury. Further post-
hoc analysis suggest a trend for a negative correlation between BMI
andT1Gd in themedial femoral cartilage, in agreementwithprevious
studies examining OA risk factors and T1Gd22,23. However, the
ANCOVA did not indicate BMI to be a statistically signiﬁcant factor,
although the limited sample size makes interpretation difﬁcult (type
II error). Still, in the perspective that OA commonly develops medi-
ally, in ACL-injured patients, in those meniscectomized and in over-
weight subjects suggest that a shorter T1Gd, indicative of GAG loss,
may be an early feature of developing knee OA.
The ﬁnding that there was no difference in T1Gd between ACL
reconstructed and non-ACL reconstructed patients, further
supports that dGEMRIC is able to predict risk for developing OA
since several radiographic studies have shown that an ACL recon-
struction does not decrease the risk of post-traumatic OA
development2,3,24e26.
Regarding a possible correlation between a short T1Gd and an
increased risk of developing OA, it is important to acknowledge that
several studies have shown good agreement between cartilage GAGTable III
Medial (Med) and lateral (Lat) femoral condyles cartilage T1Gd values for the ACL-injure
weeks and 2 years after the ACL injury
MRI 1 (Mean SD) MR
Med T1Gd (ms) Lat T1Gd (ms) Me
All knees (n¼ 29) 357 501,3 374 482,3 36
MM (n¼ 6) 326 47 369 53 29
No MM (n¼ 23) 364 48 375 47 38
LM (n¼ 8) 347 53 381 34 33
No LM (n¼ 21) 360 49 371 52 37
ACLR (n¼ 14) 350 521 373 45 36
NACLR (n¼ 15) 362 481 375 51 36
Activity level 1e2 (n¼ 6) 321 481 354 322 35
Activity level 3e4 (n¼ 23) 366 471 379 502 36
BMI< 25 (n¼ 19) 352 463 360 451,5 37
BMI> 25 (n¼ 10) 365 574 401 421 33
MM¼medial meniscectomy during follow-up. LM¼ lateral meniscectomy during follow
level (1e4), see Method section.
Superscript numerals 1 to 5 represents the P-valuescontent and T1Gd12,27,28and that a short T1Gd is a feature of early-
stage knee and hip OA15,29e32. Indeed, several factors may be
involved in OA pathogenesis in the ACL-injured joint. An ACL deﬁ-
cient or reconstructed knee will have an altered gait pattern33. A
joint lacking meniscus function has a higher compressive contact
stress during gait34. Together with cartilage matrix GAG changes, an
ACL-injured knee is also more susceptible to fatigue and progressive
destruction of the collagen ﬁbril network35. The cumulative effect of
the abovementioned factors: (1) altered knee loading pattern due to
meniscal tear, high BMI and instability and (2) cartilage matrix
changes may result in increased mechanical shearing of the collagen
network with subsequent ﬁbrillations and overt OA changes.
The present study was designed to observe cartilage matrix
changes by dGEMRIC in a cohort at risk for OA. An additional
objective was to explore relationships between T1Gd and known
exogenous variables involved in OA development. It may be argued
that the study sample is too small. However, previous studies
showing that activity level, quadriceps strength and BMI, but not
gender and age, affect T1Gd, suggest that only a limited number of
patients are needed to detect statistically and clinically signiﬁcant
differences using dGEMRIC (15e20 subjects). This is mainly due to
a low variability in T1Gd values in examined cohorts. Furthermore,
it is not feasible to include patients that make multivariable
modeling reasonable in dGEMRIC studies due to costs, shortage of
MRI capacity and difﬁculties to schedule patients. Unfortunately,
we had to exclude more patients than expected because of motion
artifacts in the MR images.
Between reference subjects and ACL-injured patients, we had
a power of 1.0 respectively 0.94, with alpha set at 0.05, to detect
a difference (65 ms medially and 49 ms laterally) in T1Gd values
from the medial and lateral femoral cartilage respectively, at
follow-up. However, the power to detect a difference (38 ms
laterally and 84 ms medially) in T1Gd between meniscectomized
and not meniscectomized patients were lower: 0.58 for the lateral
and 0.42 for the medial compartment with alpha set at 0.05.
In the ideal study design, the T1Gd value before the actual ACL
injury is known (and not as in the present study 3 weeks after the
injury). In this study, the same T1Gd value 3 weeks after injury
could, for example, be present in; (1) a subject whose knee sus-
tained a relatively low-energy ACL trauma-mechanism and who
had an inferior knee cartilage quality already before the ACL injury,
(2) a subject who had a superior knee cartilage quality (well-
trained athlete) before the injury and whose knee sustained
a relatively high-energy ACL trauma-mechanism. The development
of OA is slow with changes appearing gradually during decadesd subjects of ﬁrst (MRI 1) and second (MRI 2) MRI scan performed approximately 3
I 2 (Mean SD) P-value
d T1Gd (ms) Lat T1Gd (ms)
3 611,4 396 482,4 0.571, 0.0402, 0.0063, 0.0064
6 621 390 58 0.0021
0 491 398 46
1 84 368 481 0.0531
5 47 406 441
8 60 397 54 0.561
3 65 395 42
4 83 403 49 0.0471, 0.242
5 56 394 48
9 502,3 394 495 0.0261, 0.0452, 0.0133, 0.124, 0.0245
2 702,4 400 48
-up. ACLR¼ACL reconstructed knee. NACLR¼ non-ACL reconstructed knee. Activity
P. Neuman et al. / Osteoarthritis and Cartilage 19 (2011) 977e983982before clinically and radiographically OA occurs. The fact that our
study participants are in the very beginning of eventual OA
development suggests small individual T1Gd differences within the
ﬁrst 1e5 years after the injury Therefore, we judge that T1Gd values
from the secondMRI investigation are probably more reliable in the
analysis than longitudinal data on the change of T1Gd between the
ﬁrst and the second MRI. Once the initial post-traumatic values
have stabilized, it may even be that the injured cartilage slowly
restitutes within the ﬁrst years after the injury, as indicated by the
correlation between T1Gd at follow-up and follow-up time (Figs. 2
and 3). However, discrepancies in time from injury to the second
follow-up did not substantially affect T1Gd in the ipsilateral
femoral cartilage after meniscectomy according to the ANCOVA
model.
We have chosen to examine the central weight-bearing carti-
lage of the medial and lateral femoral condyles because this
cartilage volume is most commonly affected by early degenerative
cartilage changes36. In longitudinal cohort analysis it is necessary
to use same MRI-protocol as previously8,10,16,23,32,37. Arguably
more information may be achieved if the total knee cartilage
volume (tibia and femur) is used38. Fleming et al. show similar
T1Gd values in femoral and tibial cartilage21.
In summary, the general decrease in cartilage T1Gd in
ACL-injured patients compared with references provide evidence
for structural matrix GAG changes that seem more pronounced if
a concomitant meniscal injury is present. The fact that post-
traumatic OA commonly develops in ACL-injured patients, in
particularly those with meniscectomy, suggests that shorter T1Gd
may be an early biomarker for OA.
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